Introduction
Although high microvascular pressure is well known to be pathogenic in major vascular beds such as lung and brain, cellular mechanisms that contribute to pressureinduced pathology in intact microvessels remain poorly understood. Of relevance are responses in endothelial cells that are subject not only to compressive effects of high vascular pressure, but also to possible stretchinduced effects occurring secondary to vascular distension. A large number of in vitro studies indicate that mechanically stretched endothelial cells evoke a variety of potentially proinflammatory responses, including cytokine secretion (1), superoxide production (2), secretion of monocyte chemotactic protein (3) and endothelin (4), increases of the cytosolic Ca 2+ concentration ([Ca 2+ ] i ) (5, 6) , and activation of tyrosine kinases (7) and transcription factors (8) . Such responses might underlie vascular pathology such as inflammation (9) or permeability increase (10) in pressure-induced lung disease.
A traditional difficulty in this understanding lies in the quantification of single-cell responses in situ. Recently, we addressed this issue through the application of fluorescence microscopy and digital imaging to venular capillaries of the isolated, blood-perfused rat lung. This approach, which enabled endothelial [Ca 2+ ] i quantification in the intact capillary (11) , provided a means for testing endothelial responses to high capillary pressure. Specifically, we considered the possibility that stretchinduced effects of pressure may lead to Ca 2+ -dependent proinflammatory events such as the expression of the neutrophil-trafficking receptor P-selectin. Endothelial Weibel-Palade (WP) bodies store P-selectin (12) and undergo Ca 2+ -dependent exocytosis to express the receptor (13) . Although P-selectin expression is almost undetectable in resting blood vessels (14, 15) , the expression is enhanced by several injury stimuli (12, 16) and forms a hallmark of the early stage of inflammation (17) .
A potential connection between high pressure and Pselectin exists in expression that cell mechanical factors play a role in exocytosis (18) . Stretch-induced increases of endothelial [Ca 2+ ] i (5) may promote Ca 2+ -dependent, exocytotic vesicle-fusion events (19) . This hypothesis is testable by the use of the styryl dye FM1-43, which is virtually nonfluorescent in aqueous media but fluoresces brightly upon binding cell membranes (20) ; it has been used extensively to detect exocytosis in neuronal (21) (22) (23) and non-neuronal (24, 25) cells. In FM1-43-treated cells, initiation of exocytosis increases fluorescence as the dye attaches to new membrane at the fusion pore (25) . FM1-43 removal from the medium causes fluorescence decay as bound dye is lost from exocytotic vesicles (21) (22) (23) . Based on these considerations, we determined FM1-43 fluorescence in conjunction with intravital quantifications of P-selectin expression and the endothelial [Ca 2+ ] i to obtain what we believe to be the first evidence for pressure-induced vascular exocytosis of P-selectin. mOsm. We used the following mAb's: mouse anti-rat Pselectin mAb RMP-1 (35 µg/mL) (26), mouse anti-rat alveolar type I cell mAb (250 µg/mL) (27) , mouse antirat angiotensin-converting enzyme (ACE) mAb 4051 (50 µg/mL; Chemicon International, Temecula, California, USA) (28), goat anti-rat αIIb IgG (10 µg/mL; Santa Cruz Biotechnology Inc., Santa Cruz, California, USA), FITCconjugated goat anti-mouse IgG (F C -specific, 1:20; Sigma Chemical Co.), and FITC-conjugated donkey anti-goat IgG (1:20; ICN Biomedicals Inc., Costa Mesa, California, USA).
Fluorescence microscopy. Experimental procedures and setup have been described previously (11) . In brief, lungs excised from anesthetized Sprague-Dawley rats were continuously pump-perfused with autologous rat blood (14 mL/min) at 37°C. Lungs were constantly inflated with positive airway pressure of 5 cmH 2 O. At baseline, pulmonary artery pressure (P PA ) and left atrial pressure (P LA ) were adjusted to 10 and 5 cmH 2 O, respectively. A microcatheter (PE-10; Baxter Diagnostics Inc., McGaw Park, Illinois, USA) was advanced through the left atrium and wedged in a pulmonary vein, allowing for local infusion of solutions (11) . Lungs were positioned on a vibration-free air table. To prevent drying, the lung surface was superfused with normal saline at 37°C.
Our methods for intravital fluorescence microscopy have been reported previously (11) . Briefly, fluorophores were excited by mercury lamp illumination directed through appropriate filters. ] i was quantified using our fura-2 ratiometric imaging technique, described previously (11) . Membrane-permeant fura-2/AM (5 µM), which de-esterifies intracellularly to impermeant fura-2, was infused for 20 minutes into pulmonary venular capillaries using the venous microcatheter. Fluorescence images were obtained at 10-second intervals. For each image, 4 frame-averaged sets of exposures were obtained that alternated every 33 milliseconds between excitations of 340 and 380 nm. Endothelial [Ca 2+ ] i was determined from the computergenerated 340:380 ratio based on a K d of 224 nmol/L and appropriate calibration parameters (11, 29) .
Fusion pore imaging. For quantification of fusion pore formation in lung microvessels, lung perfusion was stopped, and the styryl dye FM1-43 (4 µM in dextran Ringer's solution) was infused for 5 minutes into pulmonary venular capillaries using the venous microcatheter. Then, intravascular FM1-43 was washed out by reinstatement of blood flow. Fluorescence images were obtained continuously at 5-second intervals. Capillary fluorescence indicative of fusion pore formation was quantified during 5 minutes of FM1-43 infusion.
P-selectin imaging. Endothelial P-selectin expression in intact lung microvessels was determined using immunofluorescence methods. During a brief stop of pulmonary perfusion, primary antibody (anti-Pselectin RMP-1 or control antibodies such as anti-alveolar type I cell mAb, anti-ACE mAb, or anti-αIIb antibody) was infused into a single subpleural venular capillary by micropuncture and incubated for 10 minutes. Then, the identical vessel was remicropunctured, and the secondary FITC-conjugated mAb was infused. After a 1-minute incubation, unbound FITC fluorescence was removed by reinstatement of blood flow. Residual FITC fluorescence indicative of vascular antigen expression was monitored in 5-second intervals from 60 seconds after restart of perfusion until complete absence of fluorescence signal.
Experimental groups. (a) Pressure elevation: Baseline recordings were obtained at P LA of 5 cmH 2 O. P LA was raised to 20 cmH 2 O for 30 minutes by adjusting the height of the venous outflow. (b) Inhibition of stretchactivated cation channels: The trivalent lanthanide gadolinium (10 µM), which effectively blocks stretchactivated cation channels (30) , was added to the perfusing blood 10 minutes before P LA elevation. (c) Ca 2+ -free conditions: Ca 2+ -free Ringer's solution containing 2% dextran and EGTA (0.5 mmol/L) was infused through the venous microcatheter 10 minutes before P LA elevation. (d) Platelet-poor perfusion: Fresh blood of known hematocrit was centrifuged, and the supernatant above the buffy coat was discarded. Red blood cells and buffy coat were then resuspended in a volume of 2% dextran Ringer's solution to reestablish baseline hematocrit. Platelet counts in platelet-poor perfusate were 20% of those in fresh blood (31) . (e) Lung cooling: Before measurements were taken, lungs were cooled to 4°C for 30 minutes by running the perfusate through an ice bath.
Statistics. All data are mean ± SEM. Values of several groups were compared by Wilcoxon and Friedman test for dependent groups and by Kruskal-Wallis and MannWhitney U test for independent groups. Spearman's coefficient of correlation (r s ) was calculated to test correlation between parameters, and linear regression analysis was performed (SigmaPlot; Jandel Scientific, San Rafael, California, USA). Statistical significance was assumed at P < 0.05. 2+ ] i . To determine the effects of increasing P LA , we quantified endothelial [Ca 2+ ] i in digitally imaged, single venular capillaries of the isolated, blood-perfused rat lung (11) . Determinations were obtained at P LA of 5 cmH 2 O, at which capillary pressure is at physiological levels (32), and after 30 minutes at P LA of 20 cmH 2 O. Corresponding P PA were 10 and 24 cmH 2 O, respectively. As shown in Figure 1 , increase of P LA increased mean [Ca 2+ ] i by 60%. Return to baseline pressures reestablished baseline [Ca 2+ ] i levels within 5 minutes (not shown). Gadolinium-inhibitable channels are identified as a primary mechanism for Ca 2+ mobilization in stretched cells (5) . Consistent with this notion, gadolinium infusion in these capillaries before pressure challenge abolished the endothelial [Ca 2+ ] i increase ( Figure 1b) . Similar inhibition was obtained in the presence of capillary infusions of Ca 2+ -free dextran. These findings are consistent with the interpretation that entry of external Ca 2+ through stretch-activated channels caused the pressure-induced [Ca 2+ ] i increases.
Results
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Fusion pores. Microinfusions of FM1-43, given for 5 minutes under baseline conditions, resulted in spotty but sparse fluorescence localized mainly at vessel branch points. The number of fluorescent spots, which were 1-4 µm in diameter, increased markedly when a similar infusion was given after increasing P LA to 20 cmH 2 O for 30 minutes (Figure 2a) . The fluorescence increased in a time-dependent manner during FM1-43 infusion, but was lost in 53 ± 4 seconds after stopping the infusion and reinstating blood flow to wash out FM1-43 from the capillary lumen (Figure 2b) . No residual fluorescence was detectable.
These fluorescence responses are essentially similar to FM1-43-loaded cultured cells undergoing exocytosis (21, 22, 25) , and signify the presence of pressureinduced exocytotic fusion pore formation in these capillaries. To rule out nonspecific mechanisms for the fluorescence decay, we tested the effects of prolonged dye infusion under baseline pressure conditions. FM1-43 infusion for 30 minutes resulted in more extensive fluorescence staining of the endothelial surface (data not shown). However, after FM1-43 washout, fluorescence decay occurred in 14 ± 3 seconds, which was faster than for the pressure-elevated condition (n = 4; P < 0.05). This faster fluorescence decay reflects the time taken for membrane destaining by nonspecific mechanisms. Hence, as we discuss later, the more prolonged fluorescence decay under pressure-stressed conditions reflected ongoing exocytosis of recycling vesicles that had been labeled and internalized during the FM1-43 infusion.
Under pressure-stressed conditions, a characteristic feature was that fluorescence of FM1-43 appeared at different times in different regions within the same imaged field, as exemplified by the images in Figure 2a . The predominant sites of expression were the vessel branch points (P < 0.05). After pressure elevation, fluorescence increase at branch points was at least 2-fold greater than at interbranch capillary midsegments (Figure 2c ). The pressure-augmented exocytosis was rapidly reversible, because FM1-43 fluorescence returned to baseline values concomitantly with return of P LA to baseline (not shown). Similar to the [Ca 2+ ] i responses, the pressure-induced increase of FM1-43 fluorescence was blocked by gadolinium (Figure 2c ; P < 0.05). This result rules out nonspecific causes for the fluorescence increase and indicates that the enhanced fusion pore formation resulted from mechanisms involving stretch-activated channels.
P-selectin. WP bodies containing P-selectin are likely candidates for endothelial exocytosis. To detect Pselectin expression, we microinfused venular capillaries with anti-P-selectin mAb and then with FITC-conjugated secondary IgG. In capillaries imaged after washing out unbound fluorescence from the vessel lumen by reinstatement of blood flow, fluorescence was weak at baseline but increased 12-fold after P LA elevation (Figure 3 , a and b; P < 0.05). As exemplified by the experiment in Figure 3a (right), the increased P-selectin expression occurred throughout the vessel length, both at the midsegmental region (arrow) and at the branch point (arrowhead). However, the expression was greater at branch points, as indicated by the green pseudocolor. Hence, pressure-stress increased P-selectin expression. Although gadolinium given under baseline conditions had no effect on P-selectin expression (not shown), the blocker abolished the enhanced P-selectin expression (Figure 3b ; P < 0.05), indicating involvement of mechanogated cation channels in the P-selectin response to pressure stress.
Complete removal of fluorescence by infusion of the extracellular fluorescence quencher trypan blue (not shown) confirmed that the pressure-induced fluorescence enhancement occurred on the luminal surface of the capillary. To rule out nonspecific mechanisms that may have contributed to the fluorescence, we infused FITC-IgG either alone or after infusing an isotypematched mAb that recognizes rat tissue but not endothelium (27) . In either case, the fluorescence was completely removed by blood flow in 20 ± 1 seconds (n = 6), whereas our data were obtained after 60 seconds of washout. Hence, the fluorescence enhancement was not attributable to trapped FITC-IgG in the infused capillary.
Because platelets also express P-selectin (33), we conducted several experiments to rule out the possibility that platelet deposition causes the P-selectin immunofluorescence. These experiments (data not shown) indicated that in capillaries held either at baseline or at high pressure, immunofluorescence attributable to a platelet-specific antigen, αIIb (CD41, GPIIb), was completely absent (n = 3). However, as expected, the anti-αIIb antibody strongly stained platelets in whole blood. Moreover, in 4 experiments, we reconfirmed our previous finding that platelet-endothelial adhesion is not histologically evident in these isolated lungs (34) . Therefore, platelets were not deposited in these capillaries. In other experiments, we continuously infused dextran Ringer's solution into venular capillaries for 5 minutes by venous microcatheter to remove blood from experimental microvessels. The pressure-induced P-selectin immunofluorescence in these capillaries was identical to that of blood-perfused capillaries (n = 3). Moreover, similar responses were obtained in lungs perfused with platelet-poor blood (n = 3). Based on these findings, we conclude that the present P-selectin immunofluorescence was attributable to endothelial, not platelet-derived, antigens.
Previously, we determined that the endothelial fluorescence of the luminal α v β 3 integrin of lung capillaries remains stable with time (34) . Similarly, the immunofluorescence of another stable endothelial antigen, ACE, remained unchanged for more than 10 minutes (not shown). By contrast, at P LA of 5 cmH 2 O, P-selectin fluorescence decayed to 25% of initial levels within 2 minutes (Figure 3b) . By linear regression analyses of the fluorescence data, we established that pressure elevation doubled the rate of fluorescence decay (P < 0.05), indicating that pressure stress enhanced both expression and removal of P-selectin.
Cooling the lung to 4°C stabilized P-selectin fluorescence (Figure 3b ). We interpret from this result, first, that the P-selectin removal from the endothelial surface was not attributable to washout by the blood flow, and second, that the removal was by active cellular mechanisms, involving possible cellular reinternalization of Pselectin (35, 36) or shedding of its ectodomain (37) . These findings indicate that pressure-induced increases of exocytosis and removal of P-selectin combined to enhance endothelial P-selectin turnover.
Spatial correlations. As shown in the images in Figure 3a , P-selectin expression was higher at branch points than at midsegments. The similarity to the fusion pore distribution was confirmed in a pixel-by-pixel correlation analysis of the fluorescence attributable to FM1-43 and P-selectin (Figure 4, a and b) . Cell-by-cell analyses inclusive of baseline and pressure-elevation data gave linear
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The correlations of endothelial [Ca 2+ ] i with fluorescences of FM1-43 and P-selectin (Figure 4c ). These considerations indicate that P-selectin expression colocalized with fusion pore formation and that cells with higher [Ca 2+ ] i supported higher levels of P-selectin exocytosis.
Discussion
Pressure elevation in the lung venular capillary increased endothelial [Ca 2+ ] i , augmented endothelial exocytosis, and enhanced luminal expression of P-selectin. All 3 increases were inhibited by gadolinium, the blocker of mechanogated cation channels. These findings are novel evidence that high vascular pressure evokes exocytotic events in capillary endothelium and that underlying mechanisms involve Ca 2+ entry through mechanogated channels. Because P-selectin mediates neutrophil rolling as part of the early inflammatory response (17, 38) , its enhanced expression here reflects a purely pressure-induced mechanism for the initiation of vascular inflammation. Exocytosis. A novel feature of these pressure-induced responses was the formation of fusion pores, as indicated in the fluorescence of FM1-43. Tracing fusion pore locations allowed an understanding of the patterns of Pselectin expression. Previous reports indicate that FM1-43 fluorescence is punctate (24) and may be localized to specific exocytotic sites (25) . Here, the fluorescence appeared as single spots of up to 4 µm in diameter that probably resulted from formation of fusion pore clusters or exocytosis of large vesicles such as WP bodies (39) . The inhibitory effects of gadolinium indicate that [Ca 2+ ] i increase attributable to entry of external Ca 2+ triggered these exocytotic events.
Consistent with the notion that P-selectin is exocytosed (16), sites of P-selectin expression colocalized with these fluorescence clusters. A novel feature was that the enhanced fusion pore formation at high pressure appeared in a random spatial pattern. Because the evoked fluorescent spots appeared within as little as 3 µm of one another, an endothelial cell evidently supported exocytosis at several locations on its luminal plasma membrane. The basis for this spatially random expression pattern remains unclear, although dispersal of fusion pore formation on the cell surface may effect a spatial integration that best ensures availability and continuity of new receptor expression.
When secretory vesicles are recycled, as in synapses (21), FM1-43 is incorporated into internalized vesicles. Subsequent loss of fluorescence during stimulation of dye-loaded cells under external FM1-43-free conditions signifies exocytosis of recycled vesicles (21) (22) (23) . At high pressure, FM1-43 infusions caused progressive increase of fluorescence that is possibly attributable to membrane binding and internalization of the dye at sites of fusion pore formation. Removal of FM1-43 by reinstating blood flow resulted in fluorescence loss in about 50 seconds, which was considerably longer than nonspecific removal of the dye and, therefore, reflects fluorescence release from newly fusing vesicles. The fluorescence loss was unlikely to be due to transcytotic processes that are much slower and occur over several minutes (40, 41) or to endocytosis and cellular retention of FM1-43 that would sustain cellular fluorescence (24, 25) . Hence, the fluorescence loss reflects progressive exocytosis of recycled vesicles. Because FM1-43 was infused for 5 minutes and fluorescence loss occurred in less than 1 minute, we estimate vesicle recycling time to be 1-6 minutes, which is in the range of recycling times reported in neuronal cells (21) . These considerations lead to the novel understanding that high pressure is a secretory stimulus in blood vessels and induces exocytotic fusion pore formation.
P-selectin expression. To our knowledge, we provide the first direct evidence that high pressure induces P-selectin expression in lung microvessels, a finding that is relevant to mechanisms of lung injury. P-selectin is implicated in such mechanisms, because lung injury after complement activation or ischemia-reperfusion is attenuated by anti-P-selectin antibody (42, 43) . In stimulated endothe- lial cells, P-selectin is rapidly internalized (16) and either sorted to the Golgi (35) and WP bodies for receptor reexpression (44) or targeted to lysosomes in order to prevent recycling (36) . The presence of soluble P-selectin in plasma (45, 46) suggests that its ectodomain may be shed from endothelial cells (37) . Consistent with previous reports, P-selectin expression in lung microvessels was barely detectable at baseline (14, 15) . In contrast, high pressure not only increased P-selectin expression, but also increased the rate of P-selectin removal from the capillary surface. The increase of expression was considerably greater than the increase of the removal rate, suggesting that removal mechanisms may follow saturation kinetics. Under pressure stress, mechanisms of rapid vesicle recycling and receptor shedding may act together to maintain optimal P-selectin expression.
Spatial distribution. Expression of P-selectin and exocytotic fusion pores occurred both at branch points and midsegmental locations of the lung venular capillary. This spatial continuity of endothelial receptor expression allows leukocytes to roll along the length of the microvessel (47, 48) , and probably results from the spatial and temporal dispersal of vesicle exocytosis. However, pressure-enhanced exocytosis occurred primarily at capillary branch points. A rheological explanation for this site dominance may be considered, because in large vessels, branch points are associated with increased turbulence and changing gradients of shear rate (49) . However, the low Reynolds number flow in lung capillaries prevents turbulence and maintains relatively low shear rates (48 These findings underscore the pathophysiological significance of the post-alveolar venular capillary. Although
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The larger numbers of leukocytes accumulate in alveolar capillaries (47, 50) , a significant amount of neutrophil adhesion occurs in post-alveolar venular capillaries (47, 48) . In some forms of injury, such as trauma, P-selectin expression is almost exclusively restricted to venular capillaries (51) . Because venular capillaries are the most permeable vessels of the lung microvascular bed (52) and are capable, through specific venoconstriction, of increasing lung capillary pressures (53) , mechanisms of neutrophil adhesion in the lung venular capillary may contribute importantly to the development of lung injury. Clinical significance. Finally, the clinical relevance of our findings relates to the controversial question of whether an increase of pressure results in deleterious lung vascular effects. Traditionally, increase of vascular pressure is thought to passively increase fluid filtration by causing an imbalance of Starling forces (54) . However, recent reports indicate that the lung vascular response to high pressure may be more complex. Increase of P LA to 20-50 cmH 2 O increases the lung capillary filtration coefficient (10, 55) and enhances transvascular protein flow (56) . Higher increases of the pressure (>50 cmH 2 O) cause capillary breaks (57, 58) and more intense permeability increases (59) . Clinically, lungs subjected to high-pressure insult, as in hydrostatic edema or high-altitude pulmonary edema, show evidence of inflammation, because the bronchoalveolar lavage fluid has increased white cells and elevated levels of inflammatory cytokines (9, (60) (61) (62) . Our findings are consistent with these reports. The endothelial [Ca 2+ ] i increase, a potential cause for endothelial retraction (63) , and the enhanced P-selectin expression, a potential white cell adhesion mechanism (17, 38) , may underlie the permeability and inflammatory effects of high pressure. Importantly, we show that lung endothelial cells respond actively and rapidly to the challenge of high pressure.
